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Abstract

When grafted to spherical nanoparticles at high grafting densities, polymers adopt

a variety of conformations. Due to strong con�nement by neighboring chains, portions

of the polymer near the nanoparticle core are highly stretched in the concentrated

polymer brush region (CPB) of the polymer layer. Farther away from the core, where

the polymer is less con�ned, the conformation becomes more ideal in the semi-dilute

polymer brush (SDPB) region. Using a combination of small-angle neutron scattering

(SANS) and neutron spin echo (NSE) spectroscopy, we directly characterized both the

structure and dynamics of the CPB and SDPB on poly(methyl acrylate) (PMA) grafted

SiO2 nanoparticles (NPs). Analysis of SANS measurements using a new core-chain-

chain (CCC) model con�rmed that the portion of the chain in the CPB region is highly

stretched, and transitions to a more random conformation. Dynamics in the CPB region

were found to be much slower than the SDPB region.

Polymer chains are grafted to NP surfaces for a variety of purposes, including altering

the NP solubility, dispersion within a polymer matrix, or to suppress immune responses to

the NPs in biological applications.1�4 Polymers grafted to planar substrates typically form a

polymer brush, characterized by a dense layer of stretched polymer chains. In the past few

decades, polymer brushes have been the subject of a great deal of research to understand

their structure, dynamics, and behavior.

In the case of polymer-grafted nanospheres, the structure of the polymer brush is more

complex than the case of planar substrates, and several studies have sought to characterize

the structure of the brush on grafted nanospheres.5�13 At low grafting densities in the "mush-

room regime", the grafted chain conformation remains ideal, and the radius of gyration of

the chain scales with the degree of polymerization asRg � N � , where the excluded volume

parameter (i.e., Flory exponent) is between� = 0:5 and � = 0:6. Dynamic light scatter-

ing (DLS) measurements by Ohno et al.5 of the hydrodynamic radius (Rh) of poly(methyl

methacrylate) (PMMA)-grafted, silica (SiO2) NPs with a core radiusr core = 65 nm found

that at high grafting densities (� > 0:6 chains/nm2), the brush thicknessh scaled with the
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molecular weight ash � M 0:85
w for low molecular weights, but transitioned to the expected

scaling relation h � M 0:6
w as the molecular weight increased. Dukes et al.6 found similar

scaling relationships from DLS measurements, and Choi et al.7,8 observed that for the case

of no excluded volume, the grafted chains transition to a Gaussian conformation at high

molecular weights withh � N 0:5. Recently, Hore et al.9 directly measured the structure of

PMMA-grafted Fe3O4 NPs by small-angle neutron scattering (SANS) measurements �t to

a core-shell-chain form factor, and found evidence of a dense PMMA layer near the NP core,

that transitioned to a less dense layer with a size that scaled asRg � N 0:5. The presence

of two regimes of polymer conformation is due to an increase in the accessible volume for

a polymer chain as the distance from the NP surface increases, resulting in a high concen-

tration of strongly con�ned chains near the NP surface (concentrated polymer brush region,

CPB) that become less con�ned as the distance from the NP surface increases (semi-dilute

polymer brush region, SDPB). The presence of two concentration regimes follows from ex-

tension of the Daoud-Cotton model to include the nanoparticle core,15 giving rise to a cuto�

distancer c between the CPB and SDPB regions:

r c =
r core

p
� �

� �
(1)

where � � = �b 2 is the grafting density multiplied by the square of the Kuhn length (b),

� � = �=
p

4� is a rescaled excluded volume parameter, andr core is the NP radius.5,6 If

r c < r core, then no CPB region exists. SCFT calculations by Hore et al.9 predict that the

change in polymer conformation as a function of distance from the NP core is expected to

be continuous, and not change sharply at the CPB/SDPB interface. Thus, the two confor-

mations observed in the CPB and SDPB regions5�13 likely represent average conformations

in the two concentration regimes.

Relatively little attention has been paid to the relaxation dynamics of polymer-grafted

nanospheres. Work from the Archer group16 utilized broadband dielectric spectroscopy
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(BDS) to probe the relaxation dynamics of the matrix polymer in polymer nanocompos-

ites composed of polyisoprene (PI) or polybutadiene-grafted (PBD) SiO2 NPs. The authors

found NPs a�ect relaxation times in the host polymer, and act as plasticizers. Another

study17 probed the relaxation dynamics of PI-grafted SiO2 NPs as a function of molecular

weight via BDS, and found that grafting chains to spherical NPs can have a signi�cant im-

pact on the dynamics. Relaxation times for short chains were observed to be several orders

of magnitude larger than those for untethered chains. As the molecular weight of the chains

increased, the relaxation times for the grafted chains approached that of the untethered

chains. The particles with the slowest relaxation times were observed to have large rub-

bery plateaus in the storage modulus as compared to those with shorter relaxation times,

demonstrating the importance of grafted chain dynamics on the mechanical properties of

polymeric materials. Jiang et al.18 used NSE to understand the dynamics of polybutadiene

chains that were bound to carbon black �ller particles, and found evidence of "breathing

modes" in the bound polymers. Another study19 used a combination of SANS and NSE to

study the dynamics of poly(ethylene oxide) adsorbed to clay platelets, �nding evidence of

a mobile and immobile regions of the adsorbed polymer chains. The mobile fraction of the

chains exhibited Zimm dynamics, whereas the regions of the chains near the platelet surface

were found to be immobile. Most recently, work from Krishnamoorti et al.20 investigated

the relaxation dynamics of polystyrene-grafted silica NPs in solutions of linear polystyrene

using a combination of SANS and NSE. Because of the low grafting density, the brush would

not have distinct CPB and SDPB regions. At short time scales, the dynamics of the grafted

chains followed the Zimm model, but at longer time scales, the authors found that the chains

deviated from Zimm behavior due to con�nement e�ects. As free polymer was added into

the system, the grafted polymers collapsed, resulting in increased con�nement and slower

dynamics. In this Letter, we report the measurement of the structure and relaxation dy-

namics of the CPB and SDPB regions of poly(methyl acrylate) (PMA) grafted SiO2 NPs in

solution, using SANS and NSE spectroscopy, by selectively deuterating each region of the
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brush. The measurements provide new insight into the local dynamics of the polymer brush

as a function of distance from the NP core, and directly con�rm the predicted structure of

the grafted polymer layer.

Silica NPs were obtained from Nissan, Inc. (ORGANOSILICASOLTM MIBK-ST) as a

30% solution by mass in methyl ethyl keytone and grafted with poly(methyl acrylate) (PMA)

by surface-initiated RAFT. The polymer grafting was� = 0:3 chains/nm2. From Eq. 1, and

the measured size of our SiO2 NPs (r core � 4:5 nm), we estimated thathCP B = r c� r core � 12

nm. Using the Kuhn monomer21 molar mass ofM 0 = 494:6 g/mol and the Kuhn length

b = 1:5 nm, the predicted molecular weight of the CPB region should be approximately

25 kg/mol. CPB dynamics were probed in sample PMA(h6)-b-PMA(h 3d3), which consisted

of a 16.6 kg/mol hydrogenated PMA block (hPMA) (Ð = 1.08), followed by a 5.6 kg/mol

deutereated PMA block (dPMA). SDPB dynamics were probed in sample PMA(h3d3)-b-

PMA(h 6), which consisted of an 18.6 kg/mol dPMA block (Ð = 1.07), followed by a 20.3

kg/mol hPMA block. For both samples, the dispersity of the entire polymer wasÐ <

1.3. The molecular weight of the hydrogenated block was chosen to be higher in sample

PMA(h 3d3)-b-PMA(h 6) to increase the scattering intensity, however this is not expected to

a�ect the measurement results since relaxation times determined from NSE are length scale

dependent, and values obtained at similar values ofq correspond to similar length scales.

Polymer-grafted NPs were dissolved in 1,1,2,2-tetrachloroethane-d2 at a mass fraction of 4%

for neutron scattering measurements. (Warning: 1,1,2,2-tetrachloroethane is highly toxic

and a possible carginogen) The full experimental methods are contained in the Supporting

Information.

To directly probe the average conformation of the grafted PMA chains in the CPB and

SDPB regions, the SANS data were �t to a core-chain-chain (CCC) model, which describes

scattering from a spherical core grafted with polymers that have two regions, each with a

di�erent size, conformation, and scattering length density (SLD). The motivation for devel-

oping such a model comes from the observation of two regions of conformation,5�7,9 as well
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as the presence of two regions with varying scattering length density in the brush. Under

the CCC model, scattering from the spherical core is given by:

Pcore(q) = jFcore(q)j2=

�
�
�
�Vcore(� c � �s )

3j 1(qrcore)
qrcore

�
�
�
�

2

(2)

where j 1(qrcore) is a spherical Bessel function,r core is the core radius,� c and � s are the

scattering length densities (SLDs) of the core and solvent, respectively, andVcore is the

volume of the core. Scattering from the polymer chains in the CPB and SDPB are separately

described by their respective form factors,PCP B (q) and PSDP B (q), and their form factor

amplitudesFCP B (q) and FSDP B (q). The form factor amplitude for a polymer chain in region

i , with excluded volume and a radius of gyrationRg;i , is given by:

Fi (q) = Vi (� i � � s)
1

2� i U
1

2� i



�

1
2� i

; U
�

(3)

where 
 is the lower incomplete gamma function,Vi is the volume of the chain in regioni ,

� i is the excluded volume parameter of the chain in regioni , � i is the SLD of the polymer in

region i , and U = q2R2
g;i (2� i + 1)(2 � i + 2) =6. The form factor of a polymer chain in regioni

is similar to the form factor amplitude:

Pi (q) = V 2
i (� i � � s)2

"
1

� i U
1

2� i



�

1
2� i

; U
�

�
1

� i U
1
� i



�

1
� i

; U
� #

(4)

The total scattered neutron intensity is a combination of the form factors of the respective

regions of the particle, and cross terms that describe correlations between distinct regions:

I (q) = � [Pcore(q) + NcPCP B (q) + NcPSDP B (q)

+ 2NcFcore(q)j 0(qrcore)FCP B (q) + 2 NcFcore(q)j 0(qrc)FSDP B (q)

+ Nc(Nc � 1)FCP B (q)2j 0(qrcore)2 + Nc(Nc � 1)FSDP B (q)2j 0(qrc)2

+ N 2
c FCP B (q)j 0(qrcore)j 0(qrc)FSDP B (q)] + B

(5)
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Rg1 = 10:5 � 0:3 nm and an excluded volume parameter very close to� = 0:8, in agreement

with scaling theories. The �t was not very sensitive to theRg of the polymer in the SDPB

region due to low contrast. Using the Kuhn monomer molar mass and the Kuhn length,21

we estimated thatRg2 = 2:5 nm using� = 0:6. The best �t yielded Rg2 = 3:2� 0:3 nm. The

schematic on the top right of �gure 1 illustrates the structure of the particles as determined

by �tting the SANS data.

In contrast, sample PMA(h3d3)-b-PMA(h 6) is deuterated such that scattering comes

primarily from the portion of the polymer in the SDPB region (blue triangles). Because of

low contrast between the core, CPB, and solvent, �ts of the SANS intensity to the CCC model

were not satisfactory. The red curve is the �t to an approximation that treats the system

as mixture of two components: spheres representing the e�ective nanoparticle + CPB core

(equation 2) and polymer chains with excluded volume (equation 4). Due to poor contrast,

the SANS spectra are not very sensitive to the former component and, therefore, the value

obtained for its size should be considered only as an estimate. The scale of each component

in the �nal scattering model was set according to the relative amounts of nanoparticles

to grafted polymer chains, and resulted in a satisfactory �t to the data. The structure

determined by SANS in shown in the schematic in the lower right of �gure 1. The radius of

gyration of the chain in the SDPB region wasRg2 = 4:1 � 0:3 nm with an excluded volume

parameter � = 0:6, which is in excellent agreement with the value expected on the basis of

the Kuhn molar mass and Kuhn length. Thus, the SANS measurements con�rm both the

structure of our particles as well as the sensitivity of NSE to the dynamics of the polymer

chains in the CPB and SDPB regions of the brush.

The dynamics of the CPB and SDPB regions were probed separately by NSE spectroscopy

of the same samples. The window of values ofq that were probed by NSE is highlighted

in the green box in �gure 1. NSE measurements were taken atT = 80 � C for q = 0:058

Å -1 to q = 0:165 Å -1, and for Fourier times up to 40 ns. A subset of these measurements is

shown in �gure 2, where the open points and dashed lines represent the measurement and
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order of magnitude greater than that of the SDPB region (� q � 15 ns versus� q � 5 ns).

At the highest value of q = 0:165 Å -1, NSE is sensitive to the dynamics on length scales

of approximately 4 nm � corresponding to only a couple of Kuhn segments. Although it

is reasonable that the relaxation times of the CPB and SDPB regions di�er at large length

scales, the observation of longer� q in the CPB region, at higher values ofq, implies that even

at very short length scales in the brush, the presence of neighboring chains signi�cantly slows

the dynamics in the CPB. The slowing of dynamics may be due to the spatial con�nement of

the chains as well as entanglements, since the molecular weight of the CPB region is above the

entanglement molecular weight of PMA (M e = 11 kg/mol). 21 An estimate of the monomer

concentrationc in the CPB region, relative to the overlap concentrationc� , �nds c=c� � 10,

implying entanglements may play a role in slowing the dynamics. This observation can be

substantiated by considering the scaling of the relaxation times withq. The inset of �gure

3 plots the relaxation times on a double logarithmic scale. If the dynamics in the polymer

layer follow the Zimm model,� q � q� 3. The data scale asq� 2:5 at low q (large length scales),

however in the CPB region, a small deviation from Zimm-like behavior is observed at highq

where the values plateau. The SDPB region follows Zimm-like behavior at all length scales

measured in this study. The presence of Zimm-like dynamics in both the CPB and SDPB

regions can be rationalized in the context of work by Schneider et al.25 of PEG adsorbed

on SiO2 nanoparticles. For this case, the authors surmised that elementary relaxation rates

may not change due to con�nement, but select modes, such as di�usion, can be suppressed.

In summary, we have used taken advantage of contrast match conditions to selectively

probe structure and relaxation dynamics of the CPB and SDPB regions of the brush formed

by grafting PMA from SiO2 nanoparticles, using a combination of SANS and NSE. A new

core-chain-chain (CCC) model is able to determine the size and conformation of the portions

of the polymer in each region, and �nds excellent agreement with an extended Daoud-Cotton

model, as well as scaling relationships measured experimentally by DLS and TEM. The

relaxation dynamics of the CPB region were found to be signi�cantly slower than the SDPB
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region due to the increased con�nement of the chains in the CPB region. Interestingly,

this observation persisted asq increased, indicating that the con�nement e�ects in the CPB

were present at the smallest length scales we probed, equivalent to a few Kuhn segments.

Looking to the future, these measurements hint at the ability to further tailor the behavior of

polymeric materials by controlling the structure of grafted polymers, which in turn impacts

local con�nement, relaxation dynamics, and mechanical properties.

Supporting Information Available

Experimental methods, sample characterization, and python source code for the CCC model

for implementation in SasView. This material is available free of charge via the Internet at

http://pubs.acs.org/ .
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